In vitro replication of the Torque teno virus (TT virus) tth8 full-length genome and particle 2 formation were demonstrated in a Hodgkin´s lymphoma-derived cell line after transfection of the 3 cloned viral DNA. Analyses of the transcription patterns of tth8 and tth7 TT virus isolates in a 4 number of lymphoma and T-cell leukemia cell lines indicated differential additional splicing 5 events and intragenomic rearrangement leading to open reading frames which could not be 6 deducted from the genomic sequence. We also demonstrate the presence of rearranged TT virus 7 genomes in vivo in sera taken from pregnant mothers whose children later developed childhood 8 leukemia, as well as from control mothers. Control experiments using re-ligated cloned genomic 9 tth8 DNA mixed with cellular DNA did not result in such subviral molecules. These subviral 10 isolates ranged from 172bp to full-length TT virus genomes. A possible in vivo selection for 11 specific rearranged molecules was evidenced by the presence of one isolate (561bp) 
INTRODUCTION 1
Several attempts have been made to link the ubiquitous Torque teno virus (TT) viruses to 2 the etiology of a specific disease. These viruses were originally isolated from a patient suffering 3 from posttransfusion hepatitis (32), but subsequent studies were unable to demonstrate a direct 4 role for TT virus in the pathogenesis of hepatitis or hepatocellular carcinoma (14, 43) . 5
TT viruses are circular single-stranded DNA viruses belonging to the Anelloviruses which 6 range in size from 2kb to 3,8kb. They have been isolated from humans and primates, as well as 7 from pigs (2878bp), dogs (2797bp) and cats (2064bp) (15, 16, 37, 53) . Their genomes consist of 8 2 main open reading frames (ORF) and additional smaller ORFs resulting from putative splicing 9 events (15, 44) . The putative non-coding region has a very high GC content with about 170bp in 10 this region being highly conserved among these viruses (30, 42) . Their genome organization is 11 similar to that of chicken anemia virus (CAV), which is vertically transmitted from infected 12 parent chickens through the egg, causing anemia through lymphoid depletion in the progeny (29). 13
Peripheral blood mononuclear cells act as reservoir for TT viruses (36, 63), whereas viral 14 transcription and replication occur in bone marrow cells (19, 39, 39, 64 ). Investigations into a 15 possible association between the presence of TT virus infections and leukemia or lymphoma have 16 resulted in contradictory results (5, 10, 48). Epidemiological data on the distribution and 17 prevalence of acute lymphoblastic leukemia (ALL) led us to propose a possible role for TT-like 18 viruses in the development of childhood leukemias and lymphomas (65). We have previously 19 isolated the full-length genomes of a spectrum of TT virus types from the spleen of a Hodgkin´s 20 disease patient (15) . One group of 6 isolated complete genomes revealed the reorganization of the 21 largest open reading frame, ORF1. Despite less than 1% overall nucleotide variation between 22 these isolates, single nucleotide differences resulted in the formation of two or several smaller 23 ORFs within this region of the genome. 24
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positive Burkitt´s lymphoma) cell lines were maintained in RPMI-1640 culture medium 1 supplemented with 10% FCS and 0.01% penicillin/streptomycin in 5%CO 2 at 37°C. HepG2 2 (human undifferentiated hepatocellular carcinoma) and 293 (human embryo kidney) cell lines 3 were maintained using Dulbecco´s minimum essential medium supplemented with 10% FCS and 4 0.01% streptomycin. Transfections were performed in the Nucleofector TM II transfection device 5 (Amaxa Biosystems) using the respective protocol recommended for each cell type by the 6 manufacturers (Amaxa Nucleotransfection Kit V, Amaxa Biosystems). Two µg of viral DNA 7 were used to transfect 1x10 6 cells in the case of the 293 cell line and 5x10 6 cells for all other cell 8 lines. The plasmid pmaxGFP (Amaxa Biosystems) was used to measure transfection efficiency in 9 each transfection experiment. 10
Serum samples: The children of the 550,000 women who gave birth in Finland or Iceland during 11
1975-1997 formed a joint study cohort that was followed up for cancer in the offspring before 12 age 15 years through national cancer registries. First trimester serum samples were retrieved from 13 the Finnish or Icelandic Maternity Cohort Biobanks from mothers of 342 ALL and 61 other 14 leukemia cases, as well as from 1,216 matched control mothers, for a previous study on viral 15 antibodies in maternal sera and childhood leukemia risk (22) . For the present study, a subsample 16 of 30 Finnish mothers who gave birth to children who were diagnosed with childhood leukemia 17 between 0-1.6 years of age were selected for study, together with serum samples from matched 18 control mothers of similar age, having been sampled at the same time and where the control 19 children had been followed until the leukaemia diagnosis was made in the case children. 20 DNA isolation and PCR amplification: L428 cells transfected with the full-length tth8 DNA were 21 harvested two days after transfection and total cellular DNA extracted. Cell pellets were lysed in 22 0.5% SDS/TE buffer, treated with 10µg RNaseA (30min x 37°C) and 200µg Proteinase K (1h x 23 50°C) before the DNA was extracted with phenol/chloroform and precipitated with ethanol. A 24
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Serum samples harbouring TT virus DNA were subsequently subjected to long PCR 1 amplification using the TaKaRa LA Taq enzyme (TAKARA BIO INC., Japan) and at least one of 2 the following primer combinations: tth25-1s/tth25-2as, tth25-7s/tth25-8as, jt34f-1s/jt34f-2as or 3 jt34f-3s/jt34f-4as (Table -supplementary data) . Primers for this amplification were designed on 4 the respective 70bp TTV sequences obtained after amplification with the primers NG473 and 5 NG351. The long PCR amplification reaction was performed using the touch-down step-wise 6 reaction described above. All obtained amplicons were eluted and purified after gel 7 electrophoresis, cloned and sequenced. These reactions were controlled by the following: 1.) A 8 number of serum samples were also amplified by long PCR without prior rolling circle 9 amplification. 2.) In vitro re-ligated cloned and purified full-length tth8 genome mixed with 10µg 10 of placenta or L428 cellular DNA, served as control for the long PCR reaction of the serum 11 samples. 3.) These control samples were amplified by long PCR amplification both with or 12 without prior rolling circle amplification. The primers (tth8-1 and tth8-2) used in this reaction 13 were designed on the tth8 genomic sequence and corresponded to the back-to-back primers 14 located in the control region of the TT virus genome in analogy to the primers used in the long 15
PCR amplification of the serum samples (Supplementary data). 16
Southern blot analysis: In vitro replication of the viral DNA was monitored by transfecting L428 17 cells with the excised and linearized full length tth8 genome. These cells were harvested at days 18 1, 2, 3 and 7 after transfection. Total cellular DNA was isolated and 10µg digested with 19 restriction enzymes DpnI (Fermentas) to remove input viral DNA, and the single-cutter AflII 20 (New England Biolabs) to linearize replicating circular viral DNA. DNA samples were subjected 21 to gel electrophoresis after which the DNA was transferred onto a Hybond-N+ membrane (GE 22
Healthcare). Hybridization, as well as labelling of the tth8 ORF1 for use as probe, was performed 23
A C C E P T E D
at Penn State Univ on February 12, 2008 jvi.asm.org Downloaded from using the AlkPhos Direct labelling kit (GE Healthcare). The blot was exposed for 2,5 hours using 1
Kodak MS Biomax Film (Eastman Kodak). 2
RNA isolation and cDNA synthesis: Total RNA was isolated from transfected cells using the 3 mirVana kit (Ambion) according to the manufacturer´s protocol. All RNA samples were treated 4 with DNaseI (New England Biolabs) to remove any residual DNA, followed by acid phenol (pH 5 4.8)/chloroform extraction and precipitation with ethanol. One µg of RNA was reverse 6 transcribed at 42°C for 1 hour using 4U OmniScript reverse transcriptase and 1µM Oligo (dT) 18 primer according to the manufacturer´s protocol (OmniScript Reverse Transcription Kit, 8 Qiagen). A second method for cDNA synthesis aimed at preventing secondary structure 9 formation in RNA, was performed for 1 hour at 65°C using 15U ThermoScript reverse 10 transcriptase (Invitrogen) and 1µM Oligo(dT)22 primer. The efficiency of cDNA synthesis was 11 equal in all preparations, as was evidenced using primers specific for the GAPDH gene. cDNA 12 samples equivalent to 20ng of total RNA was used as template for each PCR amplification which 13 was performed in a final volume of 50µl using specific tth8 primers (Table -supplementary  14 data). Ten µl of the reaction mixture was analysed by gel electrophoresis after 30, 33 and 36 15 cycles of amplification. PCR amplification was terminated after 39 cycles in samples where no 16 amplification was observed. All experiments were reproduced at least twice using different 17 cDNA preparations. 18
The 5´-ends of the cDNA encoding tth8 were amplified by rapid amplification (RACE) using the 19 BD SMART RACE cDNA Amplification Kit (Clontech) according to the manufacturer´s 20 recommendations. The primers for 5´-RACE are listed (Table -supplementary data) . Briefly, 21 400ng of DNase-treated RNA was reverse transcribed with BD PowerScript reverse transcriptase 22 for 1.5 hours at 42°C. An aliquot of the reaction mixture was PCR amplified using UPM and 23 GSP1 primers, followed by a semi-nested reaction with UPM and NGSP1 primers, and the 24
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Advantage 2 PCR Kit reagents as recommended (Clontech). The specificity of amplification was 1 increased by using the following conditions: 5 cycles of 30 sec at 94°C, annealing-extension for 3 2 min at 72°C followed by 5 cycles of 30 sec at 94°C (denaturation), 30sec at 70°C (annealing), 3 3 min at 72°C (extension) and finally, 25 cycles of 30 sec at 94°C, 30 sec at 69°C and 3 min at 4 72°C. Amplicons were analysed by gel electrophoresis in 2% agarose gels, eluted and cloned into 5 the vector pCR2.1 (Invitrogen). 6
Sequence analyses: All sequences were compared to sequences available in all databases by using 7 the HUSAR software package (9, 47). 8 9
Results

10
In vitro replication of tth8: The release of TT virus particles into the supernatant of 11 infected PHA-stimulated TT virus-negative PBMC cultures and infected Raji cell line has been 12 described (7), but a cell culture system in which TT viruses will readily replicate, is not yet 13 available. Papillomaviruses cannot readily be propagated in cell culture. In vitro transfection of 14 cells with cloned, linearized papillomavirus genome is frequently used in order to study the viral 15 life cycle and to produce limited amounts of viral particles (28, 56). We therefore resorted to this 16 latter method to induce TT virus replication in vitro. We transfected SalI-linearized tth8 genomic 17 DNA into the L428 cell line. Southern blot hybridization of the DpnI-AlfII digested total cellular 18 DNA indicated the replication of the full-length tth8 genome already 48 hours after transfection. 19 ( Figure 1a) . The replicating tth8 genomic DNA increased up to day 7 after transfection, at which 20 point almost no input DNA was present as measured by DpnI digestion. As the restriction 21 enzyme AflII is a single cutter of the tth8 genome, the hybridization of the tth8 at ca 4kb 22
indicates a re-circularization of the SalI-linearized viral genome after transfection and during 23 replication. (Figure 1b) . This was also evidenced by PCR amplification of cDNA covering the 24
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in the tth7 genome lead to the fractionation of the ORF1 into 2 shorter open reading frames (15) . 13
The tth7 and tth8 genomes were each transfected into the L428 Hodgkin´s lymphoma cell line 14 and the resulting transcripts analysed. We used a series of primer combinations to amplify 15 specific regions within each of the cDNA clones. No obvious differences were noted between 16 tth8 and tth7 transcripts. In order to map the tth8 viral transcripts we performed RACE 17 amplification. A total of 105 cDNA clones was sequenced and analysed. 18
The tth mRNA species analysed are listed in Table 1 . The respective splice-donor and 19 splice acceptor sites, as well as deviations from these consensus sequences (1) and b1 for ORF1m12, whereas transcript a could code for the putative ORF4 and transcript a1 for 6 the ORF1m10 protein (15) . Transcripts f, g and h were identified by RT-PCR amplification of 7 cDNA generated from tth transfected cells using the primers h7g47 amplifying part of ORF1 8 (nt568 to nt1404) (15 and supplementary data). Transcripts i through n were also identified by 9
RT-PCR, but covered a larger region of the ORF1 between nt598 and nt2827. Either the splice 10 donor and/or acceptor sites were conserved in the transcripts f through n, or the junction covered 11 possible repetitive sequences which may have been involved in these rearrangements. The 12 junctions at nt1316 or nt2583 however do not comply with either of these alternatives. These 13 intragenomic rearrangement events were verified by repeating the cDNA synthesis with a reverse 14 transcriptase which avoids the formation of RNA secondary structure artifacts. been contradictory (5, 10, 48) and transplacental infection with TT virus has been described (12, 7 26, 31, 45). The highly conserved region (170bp, nested 135bp) of the TT virus control region 8 (36) was amplified in order to cover as broad a spectrum of TT virus types as possible. 9
Amplification of the even higher conserved 3´-half of this region (91bp and nested amplification 10 71bp) allows for the detection of additional TT virus types (42). We amplified both these regions 11 in all samples. All amplicons were cloned and sequenced. TT virus sequences were detected in 39 12 of 60 (65%) sera by amplifying the 170bp region and 58 of 60 (97%) samples after amplification 13 of the 71bp. No obvious differences in the frequency of TT virus DNA were noted between case 14 and control mothers. 15 Because the high sequence homology between TT viruses in this 71bp stretch prevents the 16 unequivocal identification of TT virus type, we continued to amplify complete TT virus genomes 17 using back to back primers (Table -supplementary conditions. The use of each of these combinations on each individual serum sample resulted in 1 amplicons differing in size range. We processed tth8 genomic re-ligated DNA mixed with 2 placenta DNA and subjected to rolling circle amplification under identical conditions to control 3 for possible PCR artifacts (Figure 4) . Only full-length genomic DNA resulted as a visible band in 4 the tth8 control amplification. We also amplified a number of serum samples without prior 5 rolling circle amplification as an additional control (data not shown). Prior rolling circle 6 amplification of the serum DNA or tth8 DNA did not influence the outcome of the long PCR 7 amplification. The number and size of the subgenomic amplicons varied between serum samples. 8
The presence of single subgenomic amplicons in a few samples (samples 71, 74 and 84) may 9 reflect a possible selection for such molecules. We isolated and cloned the full-length genomes, 10 as well as the majority of the subgenomic amplicons and analysed 296 sequences attached to the 11 respective 5´-and 3´-primer sequences. We took the latter as indication for a circular 12 conformation of these isolates in the sera. The isolates ranged in size from 172bp to full-length 13 were analysed for similarities to known proteins (Domainsweep, 9). Putative proteins sharing 1 similarity to TT virus proteins were present in the subviral isolates, whereas additional putative 2 proteins (larger than 50 amino acids are indicated in Figure 6 ) were identified which did not share 3 homology to any protein present in the databanks. The overall genomic rearrangement observed 4 in the multiple subgenomic molecules isolated from individual serum samples often varied from 5 that of other serum samples. In series where e.g. the ORF2 largely remained intact (serum no. 6 82), the ORF1 would be varying in size (52aa to 224aa in serum no. 52) or being absent (serum 7 no. 53, 172bp and 737bp). Interestingly, the ORF2s in the group of subviral isolates sharing 8 homology to TT virus saa-01 (acc. no. ab060597, 35) (Figure 6e ), were either rearranged ( 7 9 isolates) or absent (2 isolates). The ubiquitous nature of TT viruses has led to the notion that these viral infections may 5 occur without any obvious pathogenic effect. One report associated primary infection with 6 respiratory disease in children (24), but this still awaits confirmation by others. 7
Several studies have dealt with the possible vertical transmission from mother to child (6, 8 20, 51) . The presence of TT virus in cord blood has been described (11, 12, 26, 47, 61), whereas 9
another study failed to confirm these results (34). Only in a few cases could the corresponding TT 10 virus type be detected in both mother and child immediately after birth -the majority of children 11 acquired TT virus types other than those demonstrated in their mothers (6, 34, 51). Our original 12 investigation into a link between TT virus infection and disease, led to the identification of TT 13 virus-like sequences in tumors of the gastrointestinal tract and myelomas (8) . We subsequently 14 isolated a number of TT virus isolates from the spleen of a patient with Hodgkin´s disease (15) . 15 Based on published epidemiological data, as well as our previous studies and the fact that 16 peripheral blood mononuclear cells act as reservoir for these viruses (39, 40, 52, 64), we 17 suggested a role for TT-like viruses in the pathogenesis of leukemia and lymphomas (65). The high sequence homology between TT viruses in this region of the genome did not 1 permit the distinction between TT virus types in the samples. As TT virus type specificity may be 2 an indicator of difference between the two groups of serum samples, we performed long PCR 3 amplification of the viral DNA in order to isolate complete viral genomes from the samples. The 4 amplicons did not only represent complete TT virus genomes, but an additional spectrum of off-5 sized subviral genomes varying in size between individual samples, however, without association 6 to the leukaemia group. Analyses of these viral sequences revealed intragenomic rearrangement 7 leading to rearrangements of ORFs which in turn often resulted in putative proteins of undefined 8 function. The majority of rearranged subviral isolates had retained the non-coding region and the 9 ORF2 of the TT virus genome. We also observed this phenomenon of rearrangement within the 10 TT virus genome during in vitro replication studies of the tth8 TT virus genome. Subviral 11 genomes were detected in addition to the replicating full-length genome, as early as 2 days after 12 transfection. This rearrangement was also mirrored in mRNA species isolated from these tth8 13 replicating cells. We partially confirmed the earlier described transcription pattern for TT viruses 14 recombination between geminiviruses and nanoviruses has been described (46). Recombinational 5 events have however not been described for ssDNA viruses infecting humans. 6
The isolation of subviral fragments of TT viruses described in the present study raises two 7 questions. The first is whether these subviral isolates can -either alone or in combination with 8 full length TT virus genomes -induce pathogenic changes in infected cells. The presence of full 9 length TT virus genomes appears to be apathogenic, but the formation of accompanying subviral 10 components may be necessary for the initiation of disease, as evidenced in the Geminiviridae. A-ORFs as predicted from the full-length transcript of TT virus genomic DNA. 7 B -mRNA species (a to e) obtained after 5´RACE amplification using the 5´NGSP primer. 8
Transcripts a and a1, as well as b, b1 and e, were identical to each in length other respectively, 9
but sequence analyses resulted in putative proteins varying in size. 10 C -mRNA transcripts (f to h) identified by RT-PCR amplification of the ORF1 using h7g47s and 11 h7g47as primers. 
